Abstract The cell wall of mycobacteria includes a thick, robust, and highly impermeable outer membrane made from long-chain mycolic acids. These outer membranes form a primary layer of protection for mycobacteria and directly contribute to the virulence of diseases such as tuberculosis and leprosy. We have formed in vitro planar membranes using pure mycolic acids on circular apertures 20 to 90 m in diameter. We fi nd these membranes to be long lived and highly resistant to irreversible electroporation, demonstrating their general strength. Insertion of the outer membrane channel MspA into the membranes was observed indicating that the artifi cial mycolic acid membranes are suitable for controlled studies of the mycobacterial outer membrane and can be used in nanopore DNA translocation experiments. With nearly two million yearly deaths caused by infections of Mycobacterium tuberculosis ( 1 ) and with more than 200,000 people debilitated by infections of Mycobacterium leprae ( 2 ), there is concerted need to understand the mechanisms of Mycobacterial resilience. Part of the persistence and lethality of these diseases is due to the impermeable mycobacteria cell wall. Mycobacteria, including M. tuberculosis , have developed strains that resist contemporary multi-drug treatment regimes ( 1 ). Mycobacteria's unique ‫ف‬ 8 nm thick outer cellular casing ( 3 ) has far lower permeability to hydrophilic agents than Escherichia coli 's cell wall and is a key factor in the drug and environmental resistance of mycobacteria ( 4 ).
by mass ( 5, 6 ) . MAs contain a carboxylic acid headgroup with two hydrophobic tails of unequal length ( Fig. 1 ) . One tail is a long meromycolate chain containing 50 to 70 carbon atoms with cyclopropane rings, ketones, methoxy groups, and/or double bonds. The shorter ␣ -branch contains ‫ف‬ 25 carbons and is a straight chain alkane. The meromycolate tail is ‫ف‬ 8 to ‫ف‬ 11 nm when stretched and likely requires a unique arrangement of the lipid tails to form the 8 nm thick in vivo membrane; the arrangement of the fatty acid chains in the two leafl ets of the membrane is a subject of discussion ( 3, 7, 8 ) . In vivo, the mycolic acids are covalently linked by the carboxolate group to arabinogalactan or trehalose sugars ( 4, 9 ) . The signifi cant impermeability of the mycobacterial membranes results in the need for pathways for hydrophilic solutes. This pathway is mediated by protein pores ( 7 ) .
In vivo studies of pore proteins in the mycobacterial cellwall of Mycobacterium smegmatis , a close relative of M. tuberculosis ( 10, 11 ) , led to the discovery of the outer membrane pore Mycobacterium smegmatis porin A (MspA). In M. smegmatis ( 12 ) , MspA is the most abundant protein and forms the primary pathway for hydrophilic nutrients to traverse the outer membrane ( 13, 14 ) . Other membrane porins such as OmpATb and iron transporters have been isolated in mycobacterium species but their behavior in their natural environment remains unexplored ( 7, 15, 16 ) .
Our interest in MspA arose because of the pore's unique geometry and stability, which make it an excellent tool for single molecule studies and, in particular, MspA's application to nanopore DNA-sequencing ( 17, 18 ) . To use such a transmembrane pore for DNA sequencing ( 17 ), a voltage is applied across the pore to draw individual charged DNA molecules through the pore. As the DNA passes through the pore, the ion current that also fl ows through the pore provides information about the DNA's sequence. A robust membrane is required to form long-lasting experimental setups or to construct practical devices. In an effort to fi nd a membrane with enhanced stability, we formed mem-With nearly two million yearly deaths caused by infections of Mycobacterium tuberculosis ( 1 ) and with more than 200,000 people debilitated by infections of Mycobacterium leprae ( 2 ) , there is concerted need to understand the mechanisms of Mycobacterial resilience. Part of the persistence and lethality of these diseases is due to the impermeable mycobacteria cell wall. Mycobacteria, including M. tuberculosis , have developed strains that resist contemporary multi-drug treatment regimes ( 1 ). Mycobacteria's unique ‫ف‬ 8 nm thick outer cellular casing ( 3 ) has far lower permeability to hydrophilic agents than Escherichia coli 's cell wall and is a key factor in the drug and environmental resistance of mycobacteria ( 4 ) .
Although containing other constituents, the mycobacterial outer membrane contains 30-40% mycolic acids (MAs) Membrane formation. We purchased mycolic acids ( у 98%, Sigma-Aldrich, St. Louis, MO) ( 21 ) that were extracted from M. tuberculosis and were dissolved in chloroform to 50 g/L and stored at Ϫ 20°C until use. The mycolic acid membranes were formed using the painting technique, widely used in similar experiments with DPhPC ( 19 ) . The process began with two preparatory steps. In the fi rst step, the Tefl on aperture was pretreated with a coat of a lipid-hexane mixture. One microliter of the MA/chloroform solution was air dried in a glass test tube, then resuspended in 0.01 g hexane. One microliter of the resuspended MA pretreating solution was applied to cis side of the Tefl on aperture and then gentle air pressure was applied with a syringe from the trans side to clear the aperture as the hexane evaporates. After clearing the solution from the aperture once, another 1 l of pretreating solution was applied and cleared. After allowing the system to air dry for 15 min, an electrical connection between the two electrodes was established by putting the KCl buffer in the aperture, tube, and the wells.
In the second preparatory step, the lipid was painted on the aperture. Ten microliters of the MA/chloroform solution was air dried on a chloroform-cleaned glass slide. Then, ‫ف‬ 0.1 l hexadecane was applied onto the MA and the solution was heated to 35°C for ‫ف‬ 5 min to promote incorporation of the hexadecane into the lipid. When the MA-hexadecane mixture reached a gel-like consistency, an ‫ف‬ 0.1 mm diameter blob of the mixture is applied to a single bristle brush. While monitoring the ion current through the aperture, the lipid-solvent mixture was gently applied over the Tefl on aperture until the current falls to zero. Manually forcing buffer through the aperture from the trans side eliminated the physical blockage. For apertures greater than 40 m in diameter, the lipid was applied to the outer edge of the aperture rather than over the top of the aperture.
The membrane was formed by placing a 3-6 l air bubble over the prepared aperture using a micropipette and then the air bubble was gently retracted. Membrane formation was indicated by the current through the aperture sharply falling to zero. If trans-membrane pores can form within the lipid system, we assume the presence of a bilayer membrane and not a multi-lamellar lipid structure or a physical lipid obstruction. Observation of these pores is described below.
MspA channel measurements. The concentration of MspA
(M1-NNN-MspA) ( 22 ) in single channel experiments was 0.04 g/ ml in 0.01% wt/v Genapol and DI-water; the concentration for multi-channel experiments was 0.4 g/ml in 0.1% wt/v Genapol. From this solution, ‫ف‬ 1 l was added to the 100-200 l of the cis volume above a MA membrane and then mixed thoroughly. The MA membrane was reformed with the air bubble technique, described above, after which we observed stepwise conductance changes corresponding to pore insertion ( Fig. 2 ) . If a conductance appropriate for a single channel was measured, we rapidly perfused the protein solution in the cis well with the working buffer to avoid the insertion of further channels.
pH measurements. We examined the stability of the membranes in the presence of alkaline and acidic conditions from pH 2 to pH 12 by replacing the 1M KCl pH 8.0-buffer on the cis side with different 1M KCl solutions buffered between pH 2 to pH 12. The solution at pH 8 was buffered with 10 mM HEPES, whereas the other solutions were buffered with an appropriate mixture of 40 mM CH 3 COOH, boric acid, and K 2 HPO 4 . The pH of the various buffers was measured using an Orion perpHecT logR meter with a Beckman electrode calibrated in the appropriate pH range.
branes from MA to more closely mimic MspA's natural membrane environment.
In this paper, we demonstrated planar membranes formed in vitro using MAs. We fi ound that the artifi cial MA membranes have very long lifetimes and, when compared with dipalmitoylphosphatidylcholine (DPhPC) membranes, withstand higher voltages before rupturing. Finally, we found that MspA forms transmembrane channels in the MA membranes with the same characteristics as MspA in DPhPC membranes.
MATERIALS AND METHODS

Apparatus
The experimental setup has been described previously ( 19, 20 ) . Briefl y, a 20-90 m Tefl on aperture was formed by melting Tefl on heat shrink tubing (Small Parts, Inc.) around a fi nely sharpened needle or a wire. After removing the needle or wire, the tubing was cut to form an aperture of the desired width. The tubing was then bent to connect two ‫ف‬ 200 l wells in a Tefl on holder. Ag-AgCl electrodes were used to ground the resultant cis well and connect the trans well to either an Axopatch 200B, 1B or 1C patch clamp amplifi er operated in voltage clamp mode. To fi nd the membrane rupture voltage of the MA membranes, which exceeded the 1.2 V maximum output voltage of the patch clamp amplifi ers, we instead used a variable power supply in series with a Keithley 485 picoammeter. A 1.0 M KCl solution in DI water, buffered to pH 8.0 +/ Ϫ 0.05 with 10 mM HEPES, electrically connected the two wells.
Ion channel currents were sampled at 250 kHz or 500 kHz and low-pass fi ltered with a 4-pole Bessel fi lter at 1/5 the sampling rate. Data acquisition was controlled by custom software written in LabWindows and LabVIEW. For lifetime measurements, data were sampled at 10 Hz. , indicating average thicknesses between 7 and 22 nm (dielectric constant r = 2.3). These thicknesses are consistent with the membrane thickness found in vivo of ‫ف‬ 8 nm. We attribute the large range of thickness to several factors including the uncertainty of the actual area of the membrane and the unknown extent of solvent incorporation into the membrane. Immediately after membrane formation, the capacitance rose toward an asymptotic value with a time constant of ‫ف‬ 5 min. Such increase in capacitance is consistent with bilayer formation observed with DPhPC lipids ( 23 ) .
We examined the lifetimes of MA membranes by monitoring the conductance of membranes formed with MspA pores. We left these membranes with 200 mV applied until we terminated the experiments after more than 3 days (N = 4). This puts a lower bound on the MA membrane lifetime at 3 days, signifi cantly larger than the longest lifetime of 1 day we observed with DPhPC membranes.
pH infl uence on membrane stability
The MA membranes could be formed and reformed with buffer of pH 2 to pH 9 presented to their cis side. The membranes survived at each pH for at least 20 min. At pH as low as 2, the membrane could be readily reformed and pores inserted successfully. Above pH 9, membrane formation was compromised, but bringing the buffer back to a pH of <7 restored membrane formation and stability. The membrane stability was monitored by measuring the ion current. The presence of a measureable current with 200 mV applied, as seen above pH 9, indicated formation of leaks and a signifi cant decrease in bilayer stability.
Single MspA channel measurements
To demonstrate that the MspA incorporated in MA were proper trans membrane channels, we measured their I-V
RESULTS AND DISCUSSION
Membrane formation
The MA membranes were formed with similar reliability to DPhPC membranes. Also, MspA incorporated similarly into both MA and DPhPC membranes at ‫ف‬ 0.2 pores/ second with a concentration of ‫ف‬ 10 nM MspA. The MspA pores in the MA membranes lasted for several h before spontaneously leaving the membrane, similar to the behavior of MspA pores in DPhPC membranes.
MspA has a height of ‫ف‬ 9 nm and a hydrophobic length of only ‫ف‬ 5 nm that limit the hydrophobic barrier size that the pore can penetrate. In vivo, the outer membranes of Mycobacteria are ‫ف‬ 8 nm ( 3, 8 ) . If the membrane consisted of two lamella of MA (with an oil layer separating the two), MspA would be unable to span the membrane. Therefore, the insertion of the transmembrane MspA pore within the MA system strongly suggests the formation of bilayer membranes instead of other lipid confi gurations.
Membrane resistance, rupture, capacitance, and longevity
We examined MA membranes using the Axopatch amplifi er to determine a lower bound of their resistance. On the 20-40 m apertures, the measured ion current was <1 pA when ±1.2 V was applied across the membrane, corresponding to >1 T ⍀ resistance. DPhPC membranes formed on the same apertures also exhibited resistance values >1 T ⍀ .
To determine the rupture voltage of MA and DPhPC membranes, the applied voltage was ramped at about 100 mV/s until the current across the membrane increased abruptly at the rupture voltage, V rup . The membrane was then reformed by application of another air bubble and the procedure was repeated. The histogram of the rupture voltage is presented in Fig. 3 . For MA membranes, we found an average rupture voltage of V rup_MA = 2.0 V with a standard deviation of 0.7 V (N = 330). For comparison, we formed DPhPC lipid membranes on the same apertures and with the same operating conditions and found V rup_DPhPC = 0.50 V with a standard deviation of 0.09 V (N = 209). Because the MA membranes withstood relatively high applied voltages, a ( 30 ) demonstrated the importance of the lipid chain length in in vivo studies with mutated M. smegmatis that were unable to synthesize full-length MAs. In comparison to membranes from full-length MA in wild-type M. smegmatis , the membranes of the mutated populations were found to be more permeable to hydrophobic agents ( 30, 31 ) . The importance of chain length is also seen in phospholipid membranes, where the permeability of charged ions increases ( 32 ) and mechanical strength ( 33 ) decreases with small decrements of the hydrophobic chain length. Although the negatively charged MA headgroup is substantially different than the zwitterionic DPhPC headcurves and conducted DNA translocation experiments. The I-V curves of MspA exhibit the same quantitative characteristics as those of MspA in DPhPC membranes ( Fig. 4 ) indicating that MspA is able to span the membrane and that the inner channel of MspA was not appreciably affected by its membrane environment. In order to further insure the channel integrity and the usefulness of the MA-MspA combination for nanopore sequencing, we conducted DNA translocation experiments. We repeated experiments that we had previously carried out with single MspA channels in DPhPC membranes ( 18 ) . Because single-stranded DNA translocates too rapidly (>1 nt/ s) to observe well-characterized current signatures, we used a DNA hairpin that could not complete translocation until the double-stranded section dissociated. During this brief pause the single-stranded section of the hairpin DNA held in MspA's constriction yields well-resolved ion current levels. These current levels were characteristic of the nucleotides residing at the constriction ( Fig. 5 ) . We carried out experiments with a poly-dA DNA hairpin tail sequence and found the ion current levels to be indistinguishable from analog experiments with MspA in DPhPC membranes ( Fig. 6 ).
DISCUSSION
MA membranes exhibit more stability than comparable DPhPC membranes
Our experiments demonstrate the fi rst unsupported membrane established in vitro made from MA. In comparison with DPhPC membranes, we fi nd that MA membranes withstand considerably larger voltages before rupturing. A number of factors infl uence the stability of membranes (24) (25) (26) (27) . The MA and DPhPC membranes have signifi cantly different melting temperatures; M. tuberculosis cell wall extracts have been found to change phase as high as 63°C, whereas DPhPC has no known phase change ( 28, 29 ) . Thus, we conclude the remarkable robustness of MA membranes At voltages above 200 mV, DPhPC membranes become too fragile for extended experimentation, whereas MA membranes allow measurements at much higher voltages. The duration of events recorded above 400 mV were too short to confi dently extract a characteristic ion current.
at Univ of Washington Health Sciences Library SB-55, on April 18, 2016 www.jlr.org Downloaded from group, neither form hydrogen bonds at pH 8, suggesting that the headgroup is unlikely to account for the rupture voltage differences ( 34 ) . Thus, the size and confi guration of the MA tails and associated thickness of the resulting membranes appear to be the determinant cause of the stability of the MA membranes. In particular, the assembly of MA lipid tails within the membranes may play a signifi cant role in the membrane's function ( 7 ) . Artifi cial MA membranes are useful for the closer examination of the mycobacterial outer membrane.
Trans-membrane pores in MA membranes
The infl uence of the membrane on pore formation, conformation, and function is an unanswered question of interest in drug development and in understanding the folding mechanics of porins ( 35 ) . For the channel MspA in MA and in DPhPC membranes, we fi nd that the open-channel current exhibits identical conductance and rectifi cation. Furthermore, we observe identical DNA translocation properties through MspA in the two membranes. These conductance and DNA translocation properties are highly sensitive to the structure of MspA ( 18, 20 ) . Hence, our observations suggest that the substantial difference between membranes composed of MA and DPhPC does not appreciably alter the trans-membrane conformation and function of MspA channels.
CONCLUSIONS
